INTRODUCTION
============

Anthocyanins show antioxidant activity and it have been shown to prevent or lower the risk of diseases such as diabetes, cardiovascular disease, arthritis, and cancer \[[@ref1]-[@ref3]\]. Notably, interest has been focused on the potential of various phytochemicals including (polyphenols, isothiocyanates and anthocyanins etc.) as radiation sensitisers \[[@ref4]-[@ref6]\]. Delphinidin, as a representative of anthocyanins, has been reported as an anti-cancer reagent in several cell lines \[[@ref7]-[@ref9]\]. The fact that delphinidin can achieve these effects with lower adverse effects supports the possibility of delphinidin as a candidate reagent for alternative chemotherapy and radiotherapy. It may provide a therapeutic advantage in the clinical management of various standard modalities, even in refractory tumours over others.

Autophagy is an evolutionarily conserved intracellular constitutive degradation process, which morphologically involves the formation of double-membrane autophagosomes that degrade and recycle organelles and broken proteins following fusion with lysosomes \[[@ref10]\]. Autophagy can play a pivotal role in cancer self-defence by allowing cells to resist the stress conditions caused by inappropriately regulated metabolic and genetic toxicity \[[@ref11]\]. On the contrary, excessive autophagy finally leads to programmed cell death (PCD) I, or causes type II PCD, which is a distinct cellular suicide pathway \[[@ref12]\]. In cases where autophagy induction serves an adaptive response or a pro-survival function in response to lethal stress, repressing autophagy may increase the efficacy of treatment by increasing the chemosensitivity or radiation sensitivity of tumour cells \[[@ref13]\]. In contrast, upregulating autophagic processes within transformed cells resistant to apoptotic cell death may be a reasonable therapeutic strategy for these cancer types \[[@ref12]\]. Nevertheless, when stressful conditions are sustained or excessive, autophagy becomes a suicide pathway that works through the digestion of essential cellular proteins and structures \[[@ref14]\]. Recently reported evidence also shows that the p53/DRAM-autophagy axis plays a part in anticancer strategies that cause cytotoxicity in cancer cells \[[@ref15],[@ref16]\]. Interestingly, Kulkarni *et al*. \[[@ref17]\] established that MonoD (a novel synthetic molecule) increased autophagosome formation and upregulated the expression of proteins involved in autophagy flux and found that this is related to the death of non-small cell lung cancer (NSCLC) cells. However, there have been studies showing that the autophagy process is activated in different cells during various stages of tumour development, and results in complex effects on tumour growth \[[@ref18]\]. Previous studies have reported that activated autophagy inhibits hepatocellular carcinoma development in the dysplastic phase. In contrast, it promotes hepatocyte production in the tumour-forming period \[[@ref19]\], suggesting that autophagy plays diverse roles at different periods of tumour development, and is affected by cell specificity and the microenvironment. Delphinidin is also known as an autophagy stimulant \[[@ref20],[@ref21]\]. Induction of autophagy by delphinidin depends on upregulated expression of LC3-II and ATG5, which may contribute to inhibition of the AKT/mTOR pathway, resulting in the activation of AMP-activated kinase (AMPK), which promotes the expression of several autophagy-related proteins \[[@ref22]\]. Therefore, this study aimed to investigate the possibility of delphinidin as an agent to activate autophagy in order to increase radiosensitivity in NSCLC radiation therapy.

METHODS
=======

Materials and reagents
----------------------

The chemicals and reagents were not purified by further procedures before being used. Delphinidin chloride, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), and anti-LC3 (\#L7543) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Anti-caspase 3 (\#9662), anti-cleaved caspase 3 (\#9664), anti-PI3K (\#4249), anti-p-PI3K (\#4228), anti-AKT (\#4691), anti- p-AKT (\#4060), anti-mTOR (\#2983), anti-p-mTOR (\#5536), anti-ERK (\#4695), anti-p-ERK (\#4377), anti-p38 (\#9212), anti-p-p38 (\#9215), anti-JNK (\#9252), anti-p-JNK (\#9251), anti-p53 (\#9282), and anti-GAPDH (\#2118) were purchased from Cell Signaling Technology, Inc. (Danvers, MA, USA). The antibody for DRAM (ab188648) was purchased from Abcam (Cambridge, UK). RPMI 1640, penicillin/streptomycin (P/S), and foetal bovine serum (FBS) were purchased from Lonza (Walkersville, MD, USA). The Annexin V kit was purchased from Millipore (San Francisco, CA, USA).

Cell culture
------------

The A549 cell line (human, lung, carcinoma) was purchased from the Korean Cell Line Bank (Seoul, Korea). Cells were cultured under sterile conditions at 37°C in a humid environment containing CO~2~ (5%); the culture medium comprised RPMI 1640 medium supplemented with foetal bovine serum (10%), glutamine (4 mM), penicillin (100 U/ml), and streptomycin (100 μg/ml).

Cytotoxicity of delphinidin
---------------------------

The A549 cells were seeded into 96-well or 12-well plates at a density of 1 × 10^4^ cells or 1 × 10^6^ cells, and were treated with different concentrations of delphinidin (0--50 µM) for 24 h. For the MTT assay; MTT solution was added to each well, and the plates were incubated for 4 h at 37°C. DMSO was then added to each well, and the plates were incubated for 30 min at room temperature. Cell viability was determined using a spectrophotometer; absorbance was measured at --540 nm (Ultrospec 7000; Biochrom, Holliston, MA, USA). For the Annexin V assay, cells were washed twice in PBS, and were harvested with trypsin-EDTA. Suspended cells were then transferred new tubes, and were incubated for 20 min at room temperature with 100 µl Annexin V reagent. Apoptosis was determined using a Muse Cell Analyzer (Millipore, Billerica, MA, USA).

γ-Ray irradiation
-----------------

γ-ray irradiation was performed at room temperature with 6 MV VARIAN linear accelerators (RapidArc; Varian Medical Systems, Inc., Paolo Alto, CA, USA) at 4 Gy/min. Irradiation was performed directly on cells in flasks.

Clonogenic assay
----------------

Typically, cell survival curves were considered to represent the relationship between the fraction of cells that maintain reproductive integrity and the absorbed radiation dose. Therefore, to further investigate if delphinidin selectively enhanced the radiosensitivity of A549 cells, clonogenic survival curves were acquired. A549 cells were seeded into 6-well plates at a density of 1,000 cells/well, and treated with 5 μM delphinidin for 24 h, followed by exposure to various doses (1, 4, 8, 12, 16, and 20 Gy) of γ-ray irradiation. Following irradiation, cells were incubated with fresh media for 7 days, fixed using pure methanol for 20 min at room temperature and stained with Wright's stain (Thermo Fisher Scientific, Inc., San Jose, CA, USA) for 20 min. The number of colonies containing more than 50 cells was counted. The radiation enhancement ratio was defined as the ratio of dose parameters for the radiation-sensitizing agent and control exposures.

Immunofluorescence staining
---------------------------

The A549 cells (1 × 10^5^ cells/well) were seeded on sterilised glass coverslips (BD Biosciences, Bedford, MA, USA) in triplicate. Following 24 h of treatment with 5 µM delphinidin, the cells were exposed 4 Gy of γ-ray. The cells were then fixed in 4% paraformaldehyde for 10 min, permeabilised with 0.25% Triton X-100 for 10 min, and then incubated with the LC3 primary antibody for 2 h at room temperature. The cells were washed and incubated with the appropriate fluorescence-labelled secondary antibodies for 1 h at room temperature. The nuclei were stained with DAPI and incubated for 5 min. After mounting, fluorescence images were acquired using a confocal microscope (LSM 700; Carl Zeiss, Thornwood, NY, USA). To quantify the immune-reacted cells, the fluorescence intensity was measured in 10 randomly selected images.

Western blot analysis
---------------------

The A549 cells were washed with PBS and lysed with radio immunoprecipitation assay buffer. The proteins (30--50 μg) were separated by 10% sodium dodecyl sulphate-polyacrylamide gel electrophoresis, and transferred to polyvinylidene difluoride membranes. The membranes were then blocked with 5% non-fat dry milk for 1 h at room temperature and then incubated overnight with 1:1,000-diluted primary antibodies at 4°C. The membranes were washed with tris-buffered saline and incubated with horseradish peroxidase-conjugated secondary antibodies (anti-rabbit IgG, HRP-linked antibody, \#7074; Cell Signaling Technology, Inc.) for 2 h at room temperature. The proteins were then visualised using enhanced chemiluminescent reagent (ECL; Millipore Corp.) and exposure to γ-ray film.

Quantitative real-time PCR (qPCR)
---------------------------------

Total RNA was extracted from A549 cells using TRIzol (Invitrogen; Thermo Fisher Scientific, Inc.). First-strand cDNA synthesis from the total RNA template was performed using the PrimeScript RT master mix (Takara Bio, Inc., Otsu, Japan). The resulting cDNA was subjected to quantitative PCR using TOPreal qPCR 2X PreMIX SYBR (Enzynomics, Daejeon, Korea) with a CFX-96 Touch Real-Time PCR Detection system (Bio-Rad Laboratories, Inc., Hercules, CA, USA). Expression data were calculated from the cycle threshold (Cq) value using the ΔΔCq method of quantification. Gene expression values were normalised to GAPDH expression. The forward and reverse primer sequences for the target genes included: 5´-GGACAGTTGCACACACTAGG-3´ and 5´-ATCCGGGTAGCTCAGATG-3´ for ATG5; 5´-GGGAAGGACTTACGGATG-3´ and 5´-CTTCTTGGTCTGGGGAAG-3 for ATG12; 5´-CAGTGGAACAGTCTCTCGAC-3´ and 5´-CCTTAGGGTGACACTCTGGA-3 for DRAM; and 5´-CTGAACGGGAAGCTCACT-3´ and 5´-AAGTCAGAGGAGACCACCTG-3´ for GAPDH, respectively.

Statistical analysis
--------------------

Each experiment was performed at least three times, and the results were expressed as the mean ± standard deviation. Statistical procedures were performed using SPSS software (SPSS Inc., Chicago, IL, USA). For multiple comparisons, One-way analysis of variance (ANOVA) was used followed by Tukey\'s multiple comparisons test. The signiﬁcance of differences was deﬁned as \*p \< 0.05, \*\*p \< 0.01, and \*\*\*p \< 0.001.

RESULTS
=======

Delphinidin induced apoptosis in A549 cells
-------------------------------------------

The inhibitory effect of delphinidin on A549 cells was explored by evaluating cell viability using the MTT assay. As shown in [Fig. 1A](#F1){ref-type="fig"}, delphinidin treatment inhibited the viability of A549 cells in a concentration-dependent manner. The IC~50~ value of delphinidin against A549 cells was approximately 30.1 μM. To explore the relevance of apoptosis, the cytotoxic effect of delphinidin in A549 cells was examined using the Annexin V assay. The total apoptotic portion (including both early and late apoptosis) in the experimental group was clearly increased compared to that in the non-treated control in a dose-dependent manner ([Fig. 1B, C](#F1){ref-type="fig"}). Collectively, the data suggested that delphinidin has inhibitory effects on A549 cells in a dose-dependent manner.

Delphinidin promoted apoptosis in radiation exposed A549 cells
--------------------------------------------------------------

A sub-cytotoxic dose of delphinidin (5 μM) was chosen to study the combined effect of delphinidin and radiation on cell radiosensitivity. To further demonstrate the radiosensitising effect of delphinidin on various NSCLCs, A549, NCI-H460, and HCC827 cells were treated with 5 μM of delphinidin, and then irradiated with 4 Gy. As a result, the cell viability of the ionising radiation (IR) + delphinidin group was significantly reduced compared to that of the IR alone group (A549, p \< 0.01 *vs*. IR; NCI-H460, p \<0.05 *vs*. IR; HCC827, p \< 0.01 *vs*. IR) ([Fig. 2A](#F2){ref-type="fig"}). As shown in [Fig. 2B](#F2){ref-type="fig"}, the 50 % lethal dose (LD~50~) of IR alone and IR + delphinidin treated A549 cells was measured to be 7.21 Gy and 4.68 Gy, respectively. Moreover, delphinidin enhanced the radiosensitivity of A549 cells with a radiation enhancement ratio of 1.54 at LD~50~. Similar results were also derived from the Annexin V data as shown in [Fig. 2C, D](#F2){ref-type="fig"}. Delphinidin alone did not induce cell apoptosis, but radiation exposure (4 Gy) increased the apoptosis rate by 42.18% ± 4.17%. Interestingly, the total apoptosis rate was the most increased in the combined treatment group by 58.37% ± 5.20%. We further explored whether caspase-dependent signalling was involved in delphinidin-induced apoptotic cell death. To elucidate the expression of cleaved caspase-3 (activation form), an immunoprecipitation assay was performed. As shown in [Fig. 2E and F](#F2){ref-type="fig"}, in the IR + delphinidin treatment, the ratio of cleaved caspase 3 (cleaved caspase-3/total caspase-3) was significantly increased compared to that in the IR only group (p \< 0.01 *vs*. IR). Collectively, the data suggested that delphinidin promoted apoptosis in radiation-exposed NSCLC cells.

Delphinidin induces autophagy in radiation-exposed A549 cells
-------------------------------------------------------------

Autophagy is expected to vary in progress depending on the tumour type and treatment conditions and is known to play a variety of functions in tumour cell development and death. To explain the radiosensitising effects of delphinidin and to explore the involvement of autophagy, we examined the induction of autophagy by delphinidin in radiation-exposed A549 cells. The protein LC3 is well-known as an autophagosomal marker, and the formation of autophagosomes is commonly considered the standard of autophagy induction \[[@ref23]\]. In particular, lipidation of the LC3 protein is expressed as modification from LC3 I to LC3 II, which indicates autophagy induction. Therefore, immunoblot analysis was performed to detect whether delphinidin + IR induced the transformation of full-length LC3 I into LC3 II in A549 cells. [Fig. 3A, B](#F3){ref-type="fig"} and d show that delphinidin increased the LC3-II/LC-I ratio in a concentration-dependent manner in A549 cells. Interestingly, the change in the LC3-II/LC3-I ratio was not significant in the group irradiated with 4 Gy of radiation alone ([Fig. 3C, D](#F3){ref-type="fig"}). However, as shown in [Fig. 3E and G](#F3){ref-type="fig"}, the lipidation of LC3 II was increased significantly in the delphinidin + IR group at 24 h time point (p \< 0.001 *vs*. time 0). We also detected transformed LC3 using an immunofluorescence assay. [Fig. 3I and J](#F3){ref-type="fig"} showed that the number of condensed bright red fluorescent dots were increased in the combination treatment group. These results indicate that delphinidin induces autophagosome formation in proportion with concentration, as well as enhances autophagy induction under IR-exposure conditions. The same phenomenon and trend were observed in the qPCR analysis. Autophagosome formation is controlled by various ATGs such as the ATG12-ATG5 and LC3 complexes \[[@ref24]\]. In particular, the involvement of ATG12 and ATG5 is essential for early membrane elongation \[[@ref25]\]. Thus, to examine whether the autophagy-related complexes are activated by delphinidin administration in radiation-exposed cells, qPCR analysis was performed to measure the mRNA expression level of ATG5 and ATG12. As shown in [Fig. 3F and H](#F3){ref-type="fig"}, the mRNA levels of ATG 5 and ATG 12 were significantly elevated following the exposure of A549 cells to radiation. In particular, the expression levels of ATG5 (p \< 0.05 *vs*. IR) and ATG12 (p \< 0.01 *vs*. IR) were the highest in the irradiated group treated with 5 μM of delphinidin, and significant differences were observed when compared with the radiation alone group in the combination treatment group. To explore the mechanism of delphinidin-induced autophagy in radiation exposed A549 cells, we also examined the expression levels of the PI3K/AKT/mTOR signalling pathway which is a negative sensor in autophagic cell damage. As shown in [Fig. 3K--N](#F3){ref-type="fig"}, delphinidin inhibited the phosphorylation of PI3K, AKT, and mTOR, which are upstream proteins in the mTOR signalling pathway, in radiation-exposed A549 cells. Taken together, these results suggest that delphinidin induces autophagy when A549 cells are exposed to radiation.

Delphinidin activated autophagic cell death and the JNK/MAPK signalling pathway in radiation-exposed A549 cells
---------------------------------------------------------------------------------------------------------------

Previously, many studies have reported a contrastive function for delphinidin. It could either promote anticancer effects or induce a protective effect to mediate cancer cell survival depending on the cell phenotype \[[@ref22],[@ref26]\]. In this study, to explore the possible mechanisms underlying the anticancer effect of delphinidin in radiation-exposed NSCLC cells, we examined the expression level of autophagic cell death associated proteins. The damage-regulator autophagy modulator (DRAM), a lysosomal protein, has been known to regulate autophagy and cell death in a p53-dependent manner \[[@ref27],[@ref28]\]. Therefore, we examined the expression levels of DRAM and p53 by immunoblot analysis. [Fig. 4A--C](#F4){ref-type="fig"} show that the expression of p53 and DRAM was upregulated by delphinidin in radiation-exposed A549 cells. In the qPCR analysis, mRNA level of DRAM was also found to be significantly elevated in the combined treatment group compared to that in cells treated with IR alone (p \< 0.01 *vs*. IR) ([Fig. 4D](#F4){ref-type="fig"}). These data suggest that regulation of p53 and DRAM could increase autophagy in radiation-exposed A549 cells through delphinidin treatment. Moreover, to further investigate whether the radiosensitising effect of delphinidin was associated with mitogen‐activated protein kinase (MAPK)-signalling pathways which are a key signal transmission network in eukaryotes \[[@ref29]\], we also examined the protein expression of the MAPK family (ERK1/2, p38, and JNK) by western blot analysis. [Fig. 4E--H](#F4){ref-type="fig"} show that the expression levels of p‐ERK1/2 in radiation-exposed A549 cells were downregulated whereas p‐JNK was upregulated. In particular, these changes in expression levels were most pronounced in the combination treatment group. On the contrary, the expression level of p-p38 was almost similar between with or without the delphinidin treatment. Overall, the results support the hypothesis that delphinidin enhances radiotherapeutic effects in NSCLC cells via modulation of ERK and JNK/MAPK, but not p38.

DISCUSSION
==========

Autophagy is a pivotal breakdown process that balances the energy source at critical times during the development of the biological system or is activated in response to nutrient stress \[[@ref30]\]. Thus, regulation of autophagy may be an adaptive molecular mechanism that protects cells from internal/external stimulus-induced cell damage or death. However, the role of autophagy in cancer therapy is controversial and requires detailed analysis to be considered as a treatment strategy. Some studies have shown that autophagy is a survival factor for cancer cells under chemotherapy because it is considered a defence mechanism in environments such as hypoxia, nutrient depletion, and exposure to ionising radiation \[[@ref31]\]. However, in other cases, autophagy can be a pathway of auto-digestion and self-destruction, leading to the death of cancer cells \[[@ref32],[@ref33]\]. Previous studies have demonstrated that NSCLC cells show low expression of autophagy-related genes and proteins, which may be associated with tumour formation and lung cancer development \[[@ref34]\]. As the apoptotic pathway is inactivated in NSCLC cells, they become resistant during radiation therapy; therefore, enhancement of autophagy regulation by delphinidin + IR may thus represent an alternative method for removing NSCLC cells. Delphinidin has been shown to induce autophagy in numerous cancer cells, but it is not yet known whether improvement in autophagy involves cell death or cell repair in NSCLC cells. This study demonstrated that autophagy-related proteins showed notably low expression in non-treated A549 cells as compared to that in delphinidin + IR treatment, suggesting that apoptosis by delphinidin + IR may be related to autophagy ([Fig. 3](#F3){ref-type="fig"}). Jiang reported that human lung cancer tissues express beclin-1 (a key autophagic regulator) and LC3-II at a downregulated level \[[@ref35],[@ref36]\]. Beclin-1 protein has been found to be downregulated in NSCLC, and weak beclin-1 expression was significantly associated with worsening disease prognosis, which supports the role of autophagy as a potential tumour suppressor \[[@ref37]\]. Furthermore, in radiation therapy for NSCLC, radiation exposure induces a significant obstacle to lysosome function, leading to an imbalance between autophagolysosome formation and degradation \[[@ref38]\]. Therefore, enhancement of autophagy flux may be used as a new therapeutic strategy for the anti-cancer treatment of radio-resistant NSCLC. Transient homeostasis collapse can be recovered by transient stimulation of autophagy and/or compensatory upregulation of the defence system; this allows cells to overcome imbalances and achieve equilibrium through successful recycling of unnecessary cellular components \[[@ref39]\]. However, continued stress and persistent upregulated autophagy leads to cell death through unrecoverable starvation \[[@ref40]\]. In this experiment, delphinidin + IR co-treatment enhanced LC3 lipidation compared to IR only in A549 cells. Thus, induction of autophagy by delphinidin + IR can enhance the efficacy of radiation therapy on NSCLC cells by utilising autophagy mechanisms as mentioned earlier.

The MAPK pathway plays a key role in cancer progression \[[@ref41]\]. Classical MAPK pathways include several routes such as extracellular signal regulatory kinases (ERK), c-jun N-terminal kinases, or stress-activated protein kinases (JNK or SAPK); and MAPK14 \[[@ref42]\]. So far, six distinct groups of MAPK are reported to be involved in mammals---ERK1/2, ERK3/4, ERK5, ERK7/8, JNK1/2/3, and the p38 isoforms a/b/c (ERK6)/d. The MAPK pathway can be activated by extracellular stimuli such as G-Coupled Receptors (GPCR), genotoxic agents, oxidative stress, and irradiation \[[@ref43]\]. The role of MAPK in cancer treatment is as diverse as the type of cancer itself, and stress-activated MAPKs such as p38 MAPK and JNK play a wide variety of roles in tumour characteristics \[[@ref44],[@ref45]\]. Recently, several studies have provided new information on the JNK-MAPK pathway function, showing a pivotal role in regulating the cascades of autophagy and apoptosis in response to cellular stress \[[@ref46],[@ref47]\]. Shajahan *et al*. \[[@ref48]\] reported that JNK is a positive regulator for genotoxic stress-induced apoptosis because it mediates anti-apoptotic proteins Bcl-2/Bcl-xL phosphorylation followed by changing the mitochondrial membrane potential, resulting in the release of cytochrome C; activation of caspase 9 and then caspase 3, finally induce apoptosis. Interestingly, JNK signalling is also associated with autophagy induction. JNK induces phosphorylation of Bcl-2, resulted in dissociation of the Bcl-2:beclin-1 complex. Autophagy is stimulated by the release of Beclin-1, an essential autophagy modulator \[[@ref49]\]. These studies indicate that JNK-MAPK can mediate apoptosis and autophagy in stress responses to extracellular stimuli. Furthermore, DRAM is a p53 target gene that induces transcription of lysosomal proteins, which induce macroautophagy as crucial factors for p53-mediated death, and p53 is mainly regarded as a cancer suppressor factor \[[@ref28]\]. In this study, the sensitisation effects induced by delphinidin combined with IR occurred with increased phosphorylation of JNK, but decreased ERK pathway under the same condition; this suggests that the sensitisation effects were mediated by the JNK-MAPK pathway. Notably, we found that the expression of p53 and DRAM proteins was increased by the IR + delphinidin treatment, and DRAM expression as well as autophagic cell death was increased more with IR + delphinidin, indicating that IR + delphinidin upregulates autophagic cell damage signalling.

In conclusion, this study suggests that delphinidin can effectively improve anti-proliferative effects by increasing radiation sensitivity in A549 cells through upregulation of autophagy upon radiation therapy.
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![Cytotoxicity of delphinidin on A549 cells after 24 h of incubation.\
(A) MTT assay to evaluate A549 cell viability; (B) Statistical graph of Annexin V-positive A549 cells; (C) Annexin V-positive A549 cells. The results revealed no statistically significant cytotoxicity for media with delphinidin concentrations lower than 5 µM. Statistical differences were compared between the control group and the treated groups. MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide. \*\*p \< 0.01, \*\*\*p \< 0.001.](KJPP-24-413-f1){#F1}

![Delphinidin increased apoptosis in gamma ray-exposed NSCLC cells.\
(A) Cell viability detection by the CCK-8 assay in A549, NCI-H460, and HCC827 cells. (B) Clonogenic assay to evaluate A549 cell viability. (C) Representatieve images of Annexin V-positive reaction of A549 cells. (D) Statistical graph of the muse analysis. (E) Expression level of cleaved caspase-3 protein in A549 cells. (F) Statistical analysis of the cleaved caspase-3/caspase 3 ratio. IR, ionising radiation. \*p \< 0.05, \*\*p \< 0.01 vs. the IR group.](KJPP-24-413-f2){#F2}

![Delphinidin induced autophagy and suppressed the PI3K/AKT/mTOR signalling pathway in gamma ray-exposed A549 cells.\
(A) Western blotting for LC3 and GAPDH after treatment of cells with the indicated concentration of delphinidin for 24 h, (B) bar graph, quantitative evaluation of densitometric analysis. (D) Western blotting for LC3 and GAPDH after IR exposure to cells, (C) bar graph, quantitative evaluation of densitometric analysis. (G) Western blotting for LC3 and GAPDH after IR exposure with 5 μM delphinidin-pretreated A549 cells, (E) bar graph, quantitative evaluation of densitometric analysis. The relative expression of (F) ATG5 and (H) ATG12 mRNA was determined by qRT-PCR. (J) LC3 immunofluorescence-positive dots in A549 cells (×400). Quantification of the LC3 puncta average number from the image in (I) performed using the Image J quantification tool. (K) Suppression of upstream proteins from the mTOR signalling pathway, including PI3K, phospho-PI3K, AKT, phospho-AKT, mTOR and phospho-mTOR after IR. (L) The phospho-PI3K/PI3K, (M) the phospho-AKT/AKT, (N) the phospho-mTOR/mTOR ratio in the mTOR signalling pathway. Statistical analysis was performed for results from three independent experiments ± standard deviation. IR, ionising radiation. \*p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001 compared with IR.](KJPP-24-413-f3){#F3}

![Delphinidin activated the autophagic cell death pathway and JNK/MAPK signalling pathway in gamma-ray exposed A549 cells.\
(A) The activity of up/downstream proteins from the autophagic cell death signalling pathway including p53 and DRAM after IR. (B) Statistical analysis of the p53/GAPDH ratio. (C) Statistical analysis of the DRAM/GAPDH ratio. (D) The relative expression of DRAM mRNA was determined by qRT-PCR. (E) The suppression and activation of MAPK signalling pathway, including ERK, phospho-ERK, p38, phospho-p38, JNK, and phospho-JNK after IR. (F) Statistical analysis of phospho-ERK/ERK. (G) Statistical analysis of phospho-p38/p38. (H) Statistical analysis of phospho-JNK/JNK. Statistical analysis was performed for results from three independent experiments ± standard deviation. DRAM, damage-regulator autophagy modulator; IR, ionising radiation; MAPK, mitogen‐activated protein kinase. \*\*p \< 0.01 compared with IR.](KJPP-24-413-f4){#F4}
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